Background and Purpose-Interactions between excitotoxic, inflammatory, and apoptotic pathways determine outcome in hypoxic-ischemic brain damage. The transcription factor NF-B has been suggested to enhance brain damage via stimulation of cytokine production. There is also evidence that NF-B activity is required for neuronal survival. We used the NF-B inhibitor NBD, coupled to TAT to facilitate cerebral uptake, to determine the neuroprotective capacity of NF-B inhibition in neonatal hypoxia-ischemia (HI) and to identify its contribution to cerebral inflammation and damage. Methods-Brain damage was induced in neonatal rats by unilateral carotid artery occlusion and hypoxia and analyzed immunohistochemically; NF-B activity was analyzed by EMSA. We analyzed cytokine mRNA levels and activation of apoptotic pathways by Western blotting. In vitro effects of TAT-NBD were determined in a neuronal cell line. Results-Inhibition of cerebral NF-B activity by TAT-NBD had a significant neuroprotective effect; brain damage was reduced by more than 80% with a therapeutic window of at least 6 hours. In contrast to earlier suggestions, the protective effect of TAT-NBD did not involve suppression of early cytokine upregulation after HI. Moreover, NF-B inhibition prevented HI-induced upregulation and nuclear as well as mitochondrial accumulation of p53, prevented mitochondrial cytochrome-c release and activation of caspase-3. Finally, TAT-NBD could directly increase neuronal survival because TAT-NBD was sufficient to inhibit death in a neuronal cell line. A nonactive mutant peptide did not have any effect. Conclusions-Inhibition of NF-B has strong neuroprotective effects that involve downregulation of apoptotic molecules but are independent of inhibition of cytokine production.
P erinatal cerebral hypoxia-ischemia (HI) is a major cause of neonatal morbidity and mortality. 1 The mechanisms underlying HI brain damage are only partially understood and involve excitotoxicity, apoptosis, and inflammation. To date, effective therapeutic strategies to combat HI brain injury are lacking. 2 Nuclear factor kappa B (NF-B) is a ubiquitously expressed transcription factor that regulates expression of genes involved in inflammation, cell survival, and apoptosis. 3, 4 In resting cells, NF-B is sequestered in the cytoplasm by binding to inhibitory IB proteins typified by IB␣. Signalinduced phosphorylation of IB␣ by a high molecular-weight complex of proteins named the IB-kinase (IKK)-complex is a key step in NF-B activation. The IKK complex consists of 2 kinases, IKK␣ and IKK␤, and the regulatory protein NEMO (NF-B essential modulator). Phosphorylated IB␣ becomes ubiquitinated and is proteasome-degraded after which free NF-B enters the nucleus to regulate transcription. 4, 5 NF-B activation has been described in various in vivo and in vitro models of brain injury (reviewed in 6 ), but its role in cerebral damage is complex as it functions in both protective and damaging pathways. In neurons, NF-B supports survival by increasing the expression of antioxidants, growth factors, and antiapoptotic molecules. However, NF-B also upregulates expression of proapoptotic factors such as p53. [7] [8] [9] Reciprocal interaction between proapoptotic activity of p53 and antiapoptotic signals provided by NF-B further complicate the prediction of the effect of NF-B activity on brain damage. Finally, glial NF-B activation induces production of proinflammatory cytokines, a pathway proposed to promote neuronal death in vivo. 10 Previous studies investigating the role of NF-B in cerebral damage have used either nonselective pharmacological NF-B inhibitors or mice harboring targeted deletions of elements of the IKK/NF-B pathway (eg, [11] [12] [13] [14] [15] [16] [17] ). The results of the latter studies are conflicting, and the precise effects of selectively targeting the NF-B pathway on HI brain injury remains to be determined. In our previous study of neonatal cerebral HI using 12-day-old rats, we explored the effect of inhibiting IKK/NF-B by peripheral administration of a peptide inhibitor of the IKK complex, the NEMO Binding Domain (NBD)-peptide 18 at 0, 6, and 12 hours after HI. This treatment schedule did not reduce HI-induced brain damage. 19 The aim of the present study was to further explore the possible neuroprotective effect of IKK/NF-B inhibition. In addition, we analyzed the contribution of IKK/NF-B activity to cytokine production and regulation of apoptotic cell death to delineate the role of NF-B in the pathophysiology of HI brain damage. To inhibit IKK/NF-B, we used a modified NBD peptide, coupled to the protein transduction sequence of HIV-TAT (TAT-NBD), to facilitate cerebral uptake so that it can be administered intraperitoneally. 20, 21 
Materials and Methods

Animals
The local animal committee approved all experiments. Timedpregnant Wistar rats (Charles River, Sulzfeld, Germany) delivered at the Utrecht Central Animal Laboratory. In postnatal day 7 (P7) pups the right common carotid artery was occluded under anesthesia (isoflurane, 5% induction, 1.5% maintenance in O 2 :N 2 O; 1:1). Pups recovered for 1 to 3 hours, followed by 120 minutes 8% O 2 in N 2 . Sham controls underwent anesthesia and incision only. All analyses were performed in a blinded set-up.
TAT-NBD (YGRKKRRQRRRTALDWSWLQTE), mutant TAT-NBD (TAT-NBD mut ; YGRKKRRQRRRTALDASALQTE) (W.M. Keck facility, Yale University, New Haven, Ct), or biotinylated TAT-NBD (PeptiTag biotin labeling kit, BioSight Ltd, Karmiel, Israel) was dissolved in DMSO (40 mg/mL), diluted in PBS, and administered i.p. at 20 mg/kg. 19 Rats were terminated by 300 mg/kg pentobarbital and perfused with 4% paraformaldehyde in PBS or brains were snap frozen.
Histology
Coronal paraffin sections (8 m) were cut ϷϪ3.30 mm from bregma and stained with hematoxylin-eosin. Both hemispheres were outlined on full section images and the ratio of ipsi-and contralateral areas was calculated. 22 Deparaffinized sections were incubated with mouse-anti-MAP2 (Sigma-Aldrich), mouse-anti-MBP (Sternberger Monoclonals), or mouse-anti-ED-1-FITC (Serotec) followed by peroxidase-labeled secondary antibodies and revealed using Vectastain ABC kit (Vector) and diaminobenzamidine.
MAP2 loss was quantified as described above. MBP-staining was quantified using ImageJ software (http://rsb.info.nih.gov/ij/, 1997 to 2006).
Coronal frozen sections (10 m) were acetone-treated and incubated with mouse-anti-NeuN and rabbit-anti-NF-B p65 (Chemicon) followed by Alexa Fluor 488-goat-antimouse (Molecular Probes), biotin-goat-antirabbit (Vector) and extravidin-Cy3 conjugate (Sigma-Aldrich). Biotinylated TAT-NBD was revealed on 8 m frozen sections with avidin-peroxidase (ABC kit Elite; Vector) and nickel-diaminobenzamidine.
Proteins
Mitochondrial, nuclear, and cytosolic fractions of each hemisphere were prepared as described. 22 Proteins were separated by SDS-PAGE, transferred to Hybond-C membranes (Amersham) and revealed using goat-anti-␤-actin, rabbit-anti-IB␣, mouse-antihistone-H1, donkey-anti-goat-peroxidase (Santa Cruz Biotechnology); mouse-anticytochrome oxidase (Molecular Probes); mouseanticytochrome-c (BD Biosciences Pharmingen), rabbit-anticleaved caspase-3, mouse-anti-p53 (Cell Signaling); donkey-antirabbitperoxidase (Amersham); goat-anti-mouse-peroxidase (Jackson Immunoresearch) followed by enhanced chemiluminescence (Amersham) and analyzed with a GS-700 Imaging Densitometer (Bio-Rad).
Electromobility shift asssays (EMSA) on nuclear extract with 32 P labeled NF-B probe was performed as described. 19 Excess of cold DNA probe eliminated the signal, showing specificity of the EMSA.
Quantitative Real-Time RT-PCR
Total RNA was isolated with TRIzol (Invitrogen). cDNA was synthesized with SuperScript Reverse Transcriptase (Invitrogen). The PCR reaction was performed with iQ5 Real-Time PCR Detection System (Bio-Rad) using the following primers; IL-1␤ forward:CTCTGT-GACTCGTGGGATGATG, reverse:CACTTGTTGGCTTATGTTCT-GTCC; TNF-␣ forward:CCCAGACCCTCACACTCAGATCAT, reverse:GCAGCCTTGTCCCTTGAAGAGAA; IL-10 forward: CCTTACTGCAGGACTTTAAGGGTTA, reverse: TTTCTGGGC-CATGGTTCTCT; IL-4 forward: GCAACAAGGAACACCACG-GAGAAC, reverse: CTTCAAGCACGGAGGTACATCACG; IL-1RA forward: ATGGTGCCTATTGACTTTCG, reverse: TGTCTTCT-TCTTTGTTCTTGTTC; GAPDH forward: CACGGCAAGT-TCAACGGCACAG, reverse: GACTCCACGACATACTCAGCAC-CAG; ␤-actin forward: CACTATCGGCAATGAGCGGTTCC, reverse: CAGCACTGTGTTGGCATAGAGGTC. To confirm appropriate amplification, size of PCR products was verified on gel. Data were normalized for expression of ␤-actin and GAPDH.
Neuronal Cultures
SK-N-MC human neuronal cells (ATCC; Manassas, Va) were plated in 96-well plates in DMEM/ F12 (1:1) medium supplemented with 10% fetal calf serum, 2 mmol/L L-glutamine, 100U/mL penicillin, 100 g/mL streptomycin, 0.5 g/mL Fungizone, and 0.1 mmol/L nonessential amino acids (Gibco) for 48 hours before 24-hour incubation with 1 mmol/L NMDA (Sigma-Aldrich), 100 mol/L H 2 O 2 , 250 nmol/L etoposide, or 100 nmol/L staurosporine (SigmaAldrich) and different concentrations of TAT-NBD or TAT-NBD mut peptide (10 to 100 mol/L) for 6 hours. 0.5 mg/mL MTT (SigmaAldrich) was added for 4 hours. MTT crystals were dissolved in DMSO and absorbance was measured at 550 nm.
Statistical Analysis
Data are presented as mean and SEM and were analyzed by 1-way ANOVA with Bonferroni post tests.
Results
Neuroprotection by Intraperitoneal TAT-NBD HI brain damage was induced in P7 rat pups by unilateral occlusion of the carotid artery and 120 minutes hypoxia. This procedure resulted in severe brain damage with 79.3Ϯ1.6% MAP2 loss at 48 hours after HI and a 66.6Ϯ4.8% reduction in ipsilateral hemisphere size at 6 weeks after the insult ( Figure 1A and 1B) without detectable damage in the contralateral hemisphere.
I.p. administration of TAT-NBD at 0 and 3 hours after HI had a significant neuroprotective effect; MAP2 loss at 48 hours was reduced from 79.3Ϯ1.6% in vehicle-treated animals to 34.6Ϯ12.1% in TAT-NBD-treated animals (PϽ0.01; Figure 1C ). TAT-NBD treatment did not simply delay damage as the effect of treatment was even more pronounced at 6 weeks after HI when lesion size was reduced by Ͼ80% (PϽ0.001; Figure 1D ). In fact, the size of the ipsilateral hemisphere of TAT-NBD-treated animals did not differ significantly from that of sham-control animals ( Figure 1D ). White matter loss as determined at 6 weeks after HI was also reduced by more than 80% ( Figure 1E and 1F) . The protec-tive effect was specific for the NBD sequence because treatment with a mutated NBD peptide (TAT-NBD mut ), which does not inhibit IKK, 18 did not have any effect on cerebral damage ( Figure 1C, 1D , and 1F).
Therapeutic Window
To determine the therapeutic window for the neuroprotective effect of TAT-NBD, we administered TAT-NBD i.p. as a single injection at various time points after HI. Significant neuroprotection was obtained with only a single i.p. administration of TAT-NBD immediately (0 hours) or 3 hours after the insult ( Figure 1G) . Importantly, the therapeutic window of peripheral administration of TAT-NBD was at least 6 hours. MAP2 loss was still significantly reduced by administration of TAT-NBD at 6 hours after HI (PϽ0.05; Figure  1G ). Treatment at only 9 or 12 hours after HI did not have a significant neuroprotective effect ( Figure 1G ).
Intraperitoneal TAT-NBD Treatment Prevented Cerebral IKK/NF-B Activation
Next we analyzed the effect of TAT-NBD on NF-B activity in cerebral extracts by EMSA. I.p. administration of TAT-NBD directly after HI completely prevented the HI-induced increase in NF-B activity at 3 hours after HI (PϽ0.001 versus vehicle). TAT-NBD mut did not inhibit NF-B (Figure 2A) .
NBD acts as an inhibitor of the IKK complex, thereby preventing phosphorylation of IB␣ and subsequent degradation of this molecule. 18 In line with this mechanism of action, treatment with TAT-NBD completely prevented the HI-induced decrease in cerebral IB␣ at 3 hours after HI ( Figure 2B ).
The data in Figure 2C demonstrate that HI induces nuclear translocation of NF-B in neurons and that nuclear translo- 
TAT-NBD Distributes to the Brain After i.p. Administration
To determine whether inhibition of cerebral NF-B activity after i.p. TAT-NBD was associated with distribution of the peptide to the brain, we administered biotin-TAT-NBD i.p. at 0 and 3 hours after HI. At 1 hour after HI, clear biotin staining throughout the brain parenchyma was observed ( Figure 3A and 3B). At 3 hours after HI, more intense biotin staining was detected throughout the entire brain and appeared to be intracellularly located ( Figure 3C and 3D) . At 12 hours after HI, we no longer detected biotin-TAT-NBD in the brain ( Figure 3E and 3F) . The staining was specific because no staining was detected in brains of animals that received unlabeled TAT-NBD ( Figure 3G and 3H) .
Effect of TAT-NBD on Cytokines
Inhibition of NF-B activity may contribute to prevention of brain damage via inhibition of the cytokine response. 10 A previous study in this model of HI brain damage suggested that increases in cytokine mRNA do not occur until 12 hours after HI. 23 However, we already observed a HI-induced increase in the mRNA encoding the proinflammatory cytokines TNF-␣ and IL-1␤ at 3 hours after HI ( Figure 4A and 4B) and the antiinflammatory cytokines IL-4 and IL-10 ( Figure 4C and 4D) . We could not detect changes in IL-1RA expression at this time point ( Figure 4E ). Interestingly, TAT-NBD treatment did not induce any changes in the HI-induced increase in cytokine expression, despite complete inhibition of NF-B activity at this time point ( Figures 4A  through 4D and 2A) .
Effect of TAT-NBD on Proapoptotic Molecules
Kinetic analysis of the HI-induced increase in cytosolic cytochrome-c and cleaved (active) caspase-3 revealed that both were significantly increased starting at 6 hours after HI and further increased at 12 and 24 hours after HI (figure 5B and 5C). TAT-NBD treatment significantly prevented the HI-induced increase in cytosolic cytochrome-c and the increase in active caspase-3 determined at 24 hours after HI (Figure 5D and 5E; PϽ0.01 versus vehicle-treated).
Based on in vitro studies, it has been suggested that changes in expression and cellular localization of the tumor suppressor p53 contribute to initiation of apoptosis. 24 Mitochondrial association of p53 was increased at 30 minutes after the insult and remained elevated up to 6 hours after HI ( Figure 5F ). TAT-NBD treatment almost completely prevented the HI-induced increase in mitochondrial association of p53 at 3 hours after HI, and TAT-NBD mut did not have any effect (Figure 5G ; PϽ0.01 versus vehicle-treated). In addition, TAT-NBD treatment completely prevented the HIinduced increase in the levels of nuclear (PϽ0.01 versus vehicle-treated) and total cytosolic (PϽ0.05 versus vehicletreated) p53 as determined at 3 hours after HI ( Figure 5H and 5I). tures the addition of TAT-NBD or TAT-NBD mut alone had no effect on neuronal survival (data not shown).
TAT-NBD Protects Neuronal Cells In Vitro
Discussion
Here we demonstrated for the first time that inhibition of cerebral activation of the IKK/NF-B pathway by i.p. administration of TAT-NBD early after the insult reduced HIinduced neuronal and white matter damage by more than 80%. Thus, inhibition of the formation of a functional IKK complex, which is a specific and critical step in NF-B activation, might represent one of the most effective treatments for neonatal HI brain damage to date.
By using biotinylated TAT-NBD we demonstrated that after i.p. administration, the peptide was present in the brain at 1 hour after HI and was no longer detectable at 12 hours, indicating that in vivo delivery of TAT-NBD to the brain was rapid and transient. Comparable kinetics of cerebral delivery of TAT-fused peptides after i.p. administration have been described by Yin et al 21 and Cai et al. 25 We conclude that intraperitoneally administered TAT-NBD inhibited the IKK/ NF-B pathway in the brain after HI as we did no longer observe the HI-induced nuclear translocation of neuronal NF-B (p65), the activation of cerebral NF-B as determined by EMSA, or the decrease in cytosolic IB. It should be noted that by using TAT-NBD only HI-induced activation of the IKK/NF-B pathway was inhibited without inhibiting basal NF-B activity, which might play a positive role in cell survival 6 (Figure 2A ; sham versus TAT-NBD).
In our previous study using NBD 19 and not TAT-NBD, we did not observe neuroprotection by treatment with NBD at 0, 6, and 12 hours after HI. The most important difference with the present study is that we now administered the peptide at 0 and 3 hours after HI, suggesting that 0-, 6-, and 12-hour treatment may lead to adverse (aspecific) effects. In addition, we have preliminary evidence suggesting that prolonged (0, 6, and 12 hours) treatment with TAT-NBD may not be protective, because it may interfere with the HI-induced upregulation of antiapoptotic molecules like Bcl-2 at later time points.
Our data provide new insights into the pathophysiologic mechanisms involved in neonatal HI brain damage. First of all, it is commonly accepted that inhibition of proinflammatory cytokine production mediates the protective effect of inhibition of cerebral NF-B activity in models of brain damage. 10 Our data, however, do not support this concept as TAT-NBD treatment did not inhibit pro-(IL-1␤ and TNF-␣) Figure 3 . Cerebral distribution of TAT-NBD after i.p. administration. Biotin-labeled TAT-NBD was administered i.p. at 0/3 hours after HI, and sections were stained for biotin. Biotin-TAT-NBD (small black precipitates) was detectable in the brain parenchyma at 1 hour after HI (A and B) and was more pronounced at 3 hours after HI (C and D). Biotin-TAT-NBD was no longer detectable at 12 hours after HI (E and F). No staining in brains of control animals that received unlabeled TAT-NBD (G and H). Counterstaining with hematoxylin. Scale bar (A)ϭ25 m. Same magnification for all photographs. hc indicates hippocampus; cx, parietal cortex.
and antiinflammatory (IL-4, and IL-10) cytokine expression early after HI, although NF-B activation was clearly inhibited (Figure 2A ). These data suggest that HI-induced early production of pro-and antiinflammatory cytokines is not wholly dependent on cerebral NF-B activity and suggest that HI-induced cytokine production in the brain can be maintained by other transcription factors, eg, AP-1. Moreover, despite the HI-induced upregulation of cytokines, we observed very strong neuroprotection, suggesting that early cytokine production is not detrimental in the context of cerebral NF-B inhibition. It should be noted, however, that inhibition of cytokine production (eg, deletion of IL-18) or activity (eg, IL-1RA treatment) can at least partially protect against brain damage. 26, 27 Second, we show here for the first time the important role of HI-induced NF-B activity in expression and localization of p53 in the neonatal brain in vivo. In vitro studies have provided evidence that increased mitochondrial p53 association occurs in conjunction with a rapid first episode of cell death independently of p53 target gene activation. 28, 29 Here we show that in vivo increased mitochondrial association of p53 occurred early after HI (0.5 to 6 hours). TAT-NBD treatment almost completely prevented mitochondrial translocation of p53. At the mitochondria, p53 is thought to inhibit the activity of antiapoptotic Bcl-2 members and to activate Bax leading to cytochrome-c release and apoptosis. 30, 31 In line with this model, we also show that HI-induced cytosolic translocation of cytochrome-c as well as the increase in active caspase-3 occur after the increase in mitochondrial p53 and are inhibited by TAT-NBD treatment. Finally, we demonstrated that the HI-induced increase in total p53 was prevented by TAT-NBD. Collectively, our data suggest that TAT-NBD treatment protects against neuronal death via preventing p53 upregulation and mitochondrial and nuclear localization, thereby inhibiting mitochondrial damage and preventing upregulation of proapoptotic p53 target genes, ultimately leading to reduced apoptosis-like cell death. Our in vitro study using a neuronal cell line further confirmed the hypothesis that inhibition of neuronal NF-B activity can suffice to prevent neuronal death. However, we cannot exclude the possibility that other NF-B-dependent pathways are ultimately responsible for the effect of TAT-NBD treatment on neuronal survival.
In exploring clinical applicability of specific NF-B inhibitors like NBD to prevent cerebral damage, one should keep in mind that apoptosis-like cell death is known to play a more pronounced role in neonatal than in adult cerebral cell death. 10, 32, 33 It might therefore be that the immature brain can benefit more from the protective effect of NF-B inhibition than the adult brain. However, the neuroprotective effects observed by Herrmann et al 13 in adult IKK␤ Ϫ/Ϫ mice or after intracerebral administration of the IKK inhibitor BMS-34541 after MCAO suggest that the adult brain will also profit from NF-B inhibition after cerebral HI.
In conclusion, we demonstrated that inhibition of the cerebral IKK/NF-B pathway by i.p. administration of TAT-NBD has significant neuroprotective effects in a model of severe HI-induced neonatal brain injury. The therapeutic window for neuroprotective effects was at least 6 hours, and the neuroprotective effect was associated with inhibition of apoptosis-like neuronal death but did not involve abrogation of early cytokine expression. This finding sheds a novel light on the role of cytokines in cerebral damage and suggests that at least the early NF-B-independent production of cytokines is not detrimental. The possibility that early cytokine production may contribute to neuroprotection or repair, eg, via TNF-R2 signaling, 34 will be focus of future research. 
